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ABSTRACT
Type Iax supernovae (SNe Iax) are an important sub-luminous class of SNe Ia. However, their
progenitors and explosion mechanism have not been understood yet. It has been suggested that SNe
Iax may be produced from weak deflagration explosions of Chandrasekhar-mass white dwarfs (WDs) in
binary systems with a helium (He) star donor. In such progenitor systems, the stripped He companion
material caused by the ejecta-companion interaction is expected to present some He features in their
late-time spectra. However, the detection of He lines in late-time spectra of SNe Iax has not yet been
successful, which gives an upper limit on the amount of stripped He mass of . 2× 10−3 − 0.1 M. In
this work, we study the interaction between SN Iax ejecta and a He star companion by performing
three-dimensional hydrodynamical simulations with a weak pure deflagration explosion model. We find
that about 4× 10−3 M of He material can be stripped off from the companion star by SN explosion,
which is very close to (or lower than) the observational upper-limit on the total stripped He mass
in SNe Iax. We, therefore, conclude that non-detection of He lines in late-time spectra of SNe Iax
could be reasonably explained if they are indeed resulted from weak pure deflagration explosions of
Chandrasekhar-mass WDs in progenitor systems with a He star donor.
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1. INTRODUCTION
Type Ia supernovae (SNe Ia) are generally thought to
be the thermonuclear explosion of a white dwarf (WD)
in a binary system (Hoyle & Fowler 1960). They play
a crucial role in many areas of astrophysics. Using SNe
Ia to measure cosmological distance and determine the
cosmological parameters led to the discovery of the ac-
celerating expansion of the Universe (Riess et al. 1998;
Perlmutter et al. 1999). But unfortunately, the nature of
SN Ia progenitor systems and their explosion mechanism
are still mysterious (e.g., see Hillebrandt & Niemeyer
2000; Wang & Han 2012; Maoz et al. 2014; Livio &
Mazzali 2018, for a review). Different progenitor models
have been proposed for SNe Ia in the past few decades,
comprising the single-degenerate (SD) model (Whelan
& Iben 1973; Nomoto 1982a; Nomoto et al. 1984; Han
& Podsiadlowski 2004), the double-degenerate (DD)
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model (Iben & Tutukov 1984; Webbink 1984; Pakmor
et al. 2010), and the sub-Chandrasekhar mass (sub-Mch)
double-detonation model (Nomoto 1982b; Woosley et al.
1986; Shen & Bildsten 2007; Fink et al. 2007; Sim et al.
2010; Gronow et al. 2020) and so on.
Most SNe Ia follow the “Phillips relation” between de-
cline rate and peak luminosity (Phillips 1993), i.e., the
so-called ‘normal’ SNe Ia. However, many peculiar SNe
Ia have been discovered to not follow the Phillips rela-
tion (Li et al. 2003). SN 2002cx-like events, i.e., the so-
called Type Iax supernovae (SNe Iax, Foley et al. 2013),
are the most common peculiar SNe Ia, and they can
contribute around 30 % of total SNe Ia (Li et al. 2011;
Foley et al. 2013; White et al. 2015). SNe Iax are much
fainter than normal SNe Ia. They have a wide range of
peak luminosities, −14.2 > MV,peak & −18.5 mag , and
expansion velocities, 2000 . |v| . 8000 km s−1, near the
peak luminosity (e.g., Li et al. 2011; Foley et al. 2013;
Liu et al. 2015c; Jha 2017). They have shown the lack
of a second maximum in the near-infrared light curves
which is typically seen in normal SNe Ia (Li et al. 2003).
Typically, SNe Iax have a strong mixing ejecta (Jha et al.
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2006). In addition, two Iax events (i.e., SN 2004cs and
SN 2007J) have been found to show helium (He) fea-
tures, He i emission, in their early-time spectra (Rajala
et al. 2005; Foley et al. 2009, 2013; Magee et al. 2019).
Most SNe Iax are observed in late-type, star-forming
galaxies, suggesting a short delay time of . 100 Myr (Fo-
ley et al. 2013; Lyman et al. 2013; White et al. 2015).
However, one Iax event, SN 2008ge, was observed in an
S0 galaxy with no signs of star formation (Foley et al.
2010, 2013).
Many different explosion models have been proposed
to explain SNe Iax (e.g., Hoeflich et al. 1995; Moriya
et al. 2010; Stritzinger et al. 2015; Kromer et al. 2013;
Fink et al. 2014). Lower luminosities, explosion veloci-
ties and strong mixing of ejecta found in SNe Iax seem
to suggest that SNe Iax may be produced from a defla-
gration explosion (Branch et al. 2004). Recently, Jordan
et al. (2012) investigated a weak deflagration explosion
of a MCh WD (the so-called “failed-detonation model”
in their paper), in which the WD is partly burnt, leaving
a bound remnant (see also Fink et al. 2014). They sug-
gested that the low ejecta mass and velocity predicted
by this model seem to be consistent with the observa-
tions of SNe Iax. Moreover, it has been shown that
weak deflagration explosion of a MCh CO WD and/or
a hybrid CONe WD can well reproduce the observa-
tional features of Iax events, SN 2005hk (a proto-typical
SN Iax) and SN 2008ha (the faint Iax event), respec-
tively (Kromer et al. 2013, 2015). Bulla et al. (2020)
also suggested that the maximum-light polarization sig-
nal seen in SN 2005hk can be well interpreted by asym-
metries caused by SN explosion itself and by the ejecta-
companion interaction in the weak deflagration explo-
sion model. Therefore, the weak deflagration explosion
of a MCh WD seems to be a potential model for SNe
Iax (but see also Hoeflich et al. 1995; Stritzinger et al.
2015).
The He lines seen in the spectra of SN 2004cs and
SN 2007J indicate that their progenitor systems might
contain some He material. McCully et al. (2014) de-
tected a bright source in the pre-explosion images of
SN 2012Z. This bright source has been further suggested
to be the He companion star of its progenitor system
(McCully et al. 2014; Liu et al. 2015b). More interest-
ingly, a bright source is still there four years after the ex-
plosion when the SN fades away, and it is brighter than
that in pre-explosion images (McCully et al. in prepara-
tion). In addition, SNe Iax generally have a short delay
time of . 100 Myr (Lyman et al. 2013, 2018), which is
consistent with the prediction of the WD + He star pro-
genitor system (e.g., Liu et al. 2015a). Taking all this
into account, the theoretical picture of an SD binary
progenitor with a He companion star as the origin of
SNe Iax seems to be consistent with observations.
In an SD progenitor system, the SN ejecta is expected
to significantly interact with its companion star, strip-
ping off some hydrogen (H)/He-rich material from the
companion surface. The companion star will survive
the explosion (Wheeler et al. 1975). If the stripped off
H/He companion masses are massive enough, it would
be expected to see some H/He features in late-time
spectra of SNe Ia (e.g., Leonard 2007; Lundqvist et al.
2013; Botya´nszki et al. 2018). The interactions of SN
ejecta with a stellar companion star in SNe Ia have been
investigated in detail by many two-dimensional/three-
dimensional (2D/3D) hydrodynamical simulations (e.g.,
Fryxell & Arnett 1981; Taam & Fryxell 1984; Livne et al.
1992; Marietta et al. 2000; Pakmor et al. 2008; Pan
et al. 2010, 2012; Liu et al. 2012, 2013b,c,a; Kutsuna &
Shigeyama 2015; Boehner et al. 2017; Bauer et al. 2019).
In particular, by adopting a weak pure deflagration ex-
plosion model of a MCh WD produced by Kromer et al.
(2013), the interaction of SN Iax ejecta with a main-
sequence (MS) companion star has been addressed by
Liu et al. (2013a). They found that a small amount of
H-rich material can be stripped off from the MS com-
panion star by the SN Iax explosion, which is consistent
with the absence of H lines in the late-time spectra of
SNe Iax.
Very recently, many observations have been carried
out to search for the late-time He lines caused by the
stripped He masses in the WD + He star progenitor sys-
tems. However, no He line has been detected yet (Foley
et al. 2016; Jacobson-Gala´n et al. 2019; Magee et al.
2019; Tucker et al. 2019), placing an upper limit on the
stripped He masses of . 2× 10−3 − 0.1 M. This poses
a serious challenge to the WD + He star as progenitor
systems of SNe Iax. However, no theoretical modeling
for the predictions of the stripped companion masses
for the He star donor SD progenitor system has been
done yet. It is still unclear whether the stripped off He
masses by SN Iax explosion are massive enough to cause
the presence of He lines in SN Iax late-time spectra.
In this work, we perform 3D hydrodynamical simu-
lations of the SN ejecta-companion interaction for the
WD + He star progenitor system by assuming that SNe
Iax are produced from weak pure deflagration explosions
of MCh WDs as proposed by Kromer et al. (2013). The
paper is structured as follows. In Section 2, we intro-
duce the methods and models used in our simulations.
The results are presented in Section 3. In Section 4,
we discuss the effect of binary separation on the results
and compare the results with the observations. More-
over, the surviving companion star, different explosion
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models and uncertainties are discussed. The summary
and conclusion are given in Section 5.
2. METHOD AND MODEL
To carry out 3D hydrodynamical simulations of the
interaction of SN ejecta with a He companion star,
we use a 3D Smoothed Particle Hydrodynamics (SPH)
(Gingold & Monaghan 1977; Lucy 1977) code, Stel-
lar GADGET (Pakmor et al. 2012). The Stellar
GADGET is a modified version of the GADGET code
(Springel et al. 2001; Springel 2005). It has been success-
fully used for modeling the merger of two white dwarfs
for SNe Ia and the SN Ia ejecta-companion interaction
(e.g., Pakmor et al. 2010, 2012; Liu et al. 2012, 2013b).
2.1. The explosion model
In this work, we assume that SNe Iax are generally
produced from a pure weak deflagration explosion of a
MCh WD as described by Fink et al. (2014). In partic-
ular, the so-called N5def model is used in our impact
simulations (Kromer et al. 2013). In the N5def model,
the weak deflagration explosion cannot completely disin-
tegrate the entire WD. Only a small amount of material
of around 0.372 M is ejected, leaving a bound remnant
WD of about 1.03 M. The kinetic energy of ejecta ma-
terial from this explosion is around 1.34× 1050 erg, and
about 0.158 M nickel is produced. Again, it has been
shown that this model can reproduce the observational
features of SN 2005hk (Kromer et al. 2013). Note that
the bound remnant WD is not included in our impact
simulations of this work.
2.2. A He star companion model
In the present work, the “He01 model” of Liu et al.
(2013c) is directly used (see their Figs. 1 and 3) to rep-
resent a He star companion model at the moment of the
SN explosion, although they focused on the SN ejecta-
companion interaction in normal SNe Ia. By using the
Eggletons stellar evolution code (Eggleton 1971, 1972,
1973), they performed detailed binary evolution calcu-
lations for the WD + He star progenitor system to trace
the whole process of a WD accumulating He-rich com-
panion material until the WD increases its mass to ap-
proach the MCh limit (i.e., the SN explosion, see Liu
et al. 2013c). The mass transfer occurs when a He star
companion fills its Roche lobe. At the moment of the SN
explosion, the He01 model has a mass of M2 = 1.24 M
and a radius of R2 = 1.91× 1010 cm. The He compan-
ion star is still filling its Roche lobe when the WD is
assumed to explode as an SN Ia. The system has an
orbital separation of A = 5× 1010 cm at this moment
(Liu et al. 2013c).
In one-dimensional (1D) detailed binary evolution cal-
culations for the SD progenitor systems of Liu et al.
(2013c), the SN explosion is assumed to happen when
the WD has a mass close to the MCh limit. However,
the accreting WDs were treated as a mass point in their
1D calculations. Because the explosion mechanism of
a MCh WD has not been clearly understood yet, the
MCh WD (i.e., mass point) could explode like a nor-
mal SN Ia or lead to the weak deflagration explosion for
an SN Iax. In this work, we directly use the He star
companion model, the “He01 model”, adopted for nor-
mal SNe Ia by Liu et al. (2013c) as an input of impact
simulations for SNe Iax.
2.3. Initial setup
All initial conditions and setup used in this work are
the same as those in Liu et al. (2013a). The Healpix
method (Go´rski et al. 2005) is used to map the 1D com-
panion model (i.e., density and internal energy profile)
to a particle distribution for our 3D SPH impact simu-
lations (see details in Pakmor et al. 2012). In this work,
we use 5 million particles to represent the He compan-
ion star in all simulations. All particles are set to have
the same mass. It has been shown that using 5 mil-
lion particles to set up the He companion star should
be sufficient for the simulations of ejecta-companion in-
teraction to study the amount of stripped companion
mass (Liu et al. 2013a). Because some numerical noise
is introduced by initial mapping, we relax the initial 3D
SPH companion model for several dynamical timescales
to reduce such noise before we start the actual impact
simulations.
Once the relaxation of our 3D SPH companion star is
finished, the N5def model described above is added into
the SPH code to represent an SN Iax explosion with a
separation given by 1D binary evolution calculation (i.e.,
A = 5× 1010 cm). As all particles have the same mass,
the total number of particles used for the N5def model is
fixed. All impact simulations in this work are then sim-
ulated until the results such as the amount of stripped
companion mass and kick velocity due to the ejecta-
companion interaction reach a stable value as time goes.
Therefore, all simulations ended at 5000 s after the SN
explosion.
3. RESULTS
In this section, we present the results of SN ejecta-
companion interaction in our simulation with a binary
separation of A = 5.16× 1010 cm (M2 = 1.24 M,
R2 = 1.91× 1010 cm). This simulation is defined as the
“standard simulation” (i.e., Model4 in Table 1) in this
work. By artificially changing the values of A for a given
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Figure 1. Slice-density distributions at t = 0 s, 20 s, 50 s, 250 s, 500 s, and 2500 s after the N5def model is initiated in our
standard impact simulation with a binary separation of A = 5.16× 1010 cm. The incoming SN ejecta is from right to left. The
color scale shows the logarithm of the mass density.
explosion and companion model, we will investigate the
dependency of numerical results on binary separations
based on this standard simulation In section 4.1.
3.1. A description for SN ejecta-companion interaction
Figure 1 shows the density distributions of all mate-
rial at different times in our standard simulation1. At
the beginning of the simulation (t = 0 s), the compan-
ion star is in an equilibrium state. The SN explodes
on the right side of the companion star. At t = 20 s,
SN ejecta reaches the surface of the companion star. As
SN ejecta collides with the star, a shock is being driven
into the companion envelope and a bow shock starts to
develop (at t = 50 s), stripping some companion mate-
rial from the side that is facing the SN explosion. As
time goes by, the shock front starts to pass through
the companion star. Because of the density gradient
of the companion star, the shock center is decelerated
1 The data of this work will soon be publicly available online so
that they can be accessible to the community to use. The data
can also be obtained by directly contacting the relevant author.
due to the rising density as it moves towards the stel-
lar core. At t = 500 s, the shock has passed through
the entire companion star, stripping more He material
from the back of the companion star. The star is out of
the hydrostatic equilibrium. At the same time, the star
puffs up because of the significant shock heating during
the interaction. About t = 2000 s after the explosion,
the mass stripping is finished. The amount of stripped
companion mass reaches the maximum and stays a con-
stant, and the star starts to be back to the hydrostatic
equilibrium state. At this point, the ejecta-companion
interaction is finished.
3.2. Stripped He mass
The amount of stripped companion mass is calculated
by summing all unbound companion particles which
have a positive total energy. The total energy of each
particle is calculated by summing its kinetic energy
(Ek > 0), gravitational potential energy (Ep < 0) and
internal energy (Eu > 0).
Figure 2 shows the amount of stripped He mass from
the surface of the companion star by SN explosion as
a function of time for our standard simulation (i.e.,
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Figure 2. Amount of unbound companion mass caused by
the SN explosion as a function of time. The results with
(blue solid line) or without (red dashed line) including the
internal energy (Eu) for calculating the total energy of each
particle are shown for comparison.
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Figure 3. Velocity distribution of the He-rich companion
material (blue) and SN ejecta (orange) at 5000 s in our sim-
ulations.
A/R2 = 2.62). As it is shown, the amount of stripped
companion mass reaches a stable value of 5.4× 10−3 M
about 3000 seconds after the explosion. This means that
the ejecta-companion interaction is finished at this mo-
ment. As a result, we obtain that the total amount of
about 5.4× 10−3 M He-rich material can be stripped
off from the companion surface.
Figure 3 illustrates the velocity distributions of the
stripped companion material (blue region) and SN ejecta
(orange region) at the end of our simulation. It is shown
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Figure 4. Unbound companion mass as a function of time
for the simulations with different orbital separations.
Table 1. Results of our 3D impact simulations for different
binary separations.
Model Name A/R2 M
He
str Vkick
(10−3M) (km s−1)
Model1 2.36 7.16 12.81
Model2 2.51 6.31 10.39
Model3 2.62 5.87 8.85
Model4 2.70 5.38 7.63
Model5 2.85 4.62 5.83
Model6 2.96 4.35 4.64
Note—Here, A/R2 is the ratio of binary separation and
radius of the He companion star. MHestr is the amount of
stripped companion mass, and Vkick is the kick velocity of
the companion star.
that the stripped companion material has a typical ve-
locity of ∼ 600−700 km s−1, which is slower than that of
post-interaction SN ejecta (∼ 7000 km s−1) by a factor
of about ten. One can predict that most of the stripped
companion material will be surrounded by SN ejecta as
time goes by. It means that the He lines caused by
the stripped He material can only be visible at a late-
time phase as the photosphere moves inward from out-
side of ejecta to reach the region of stripped material
(& 100 days after the explosion).
4. DISCUSSION
4.1. Binary separation dependency
For a given explosion and companion star model, it
has been shown that the ratio of binary separation to
companion radius, A/R2, is the key factor in determin-
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Figure 5. Left panel: The relation between the total stripped companion mass (MHestr ) and the ratio of binary separation to the
companion radius (A/R2). Right panel: similar to the left panel, but for the kick velocity, Vkick. Both relations can be fitted by
a power-law. Fitting parameters are given in figures.
ing the results of the SN ejecta-companion interaction
(e.g., Marietta et al. 2000; Pakmor et al. 2008; Liu et al.
2012). Binary population synthesis (BPS) calculations
for the WD + He star progenitor scenario of SNe Ia have
obtained that the value of A/R2 at the time of SN ex-
plosion covers a range of ∼ 2.5− 3.0 (e.g., see Fig. 8 of
Liu et al. 2013c). Our standard simulation has a value
of A/R2 = 2.62. To investigate the effect of different
binary separations on the results in our impact simula-
tions, we artificially change the separation (A) between
SN and He companion star based on our typical simu-
lations to cover a range of A/R2 from 2.36 to 2.96 (see
Table 1). This means that all other parameters are kept
the same expect for the values of A.
Figure 4 presents the stripped companion masses as a
function of time in our simulations for different orbital
separations. Also, the total amount of stripped compan-
ion masses (MHestr) and the kick velocity received by the
companion star because of SN impact (Vkick) at the end
of the simulations are given in Table 1. We have further-
more explored the relationship between the amount of
stripped masses (and/or kick velocity) and orbital sep-
aration, finding that they can be well fitted by a power
low (see Fig. 5). This is consistent with the results of
previous studies (e.g., Marietta et al. 2000; Pakmor et al.
2008; Liu et al. 2012; Pan et al. 2012).
In BPS calculations for the WD + He star progenitor
scenario, the typical value of A/R2 at the moment of
SN explosion is about 3.0 (e.g., see Fig. 8 of Liu et al.
2013c). By using the fitting functions given in Fig. 5, we
obtain that the typical amount of stripped He masses for
SNe Iax in our studied channel of this work should be
about 4× 10−3 M (see also in Table 1). Again, current
observations have not detected the He lines in late-time
spectra of SNe Iax yet, which gives an upper limit on the
stripped He masses of . 2× 10−3− 0.1 M (Foley et al.
2016; Jacobson-Gala´n et al. 2019; Magee et al. 2019;
Tucker et al. 2019). The typical amount of stripped
He masses (4 × 10−3 M) predicted in our simulations
is very close to (or lower than) the observational upper
limit. Therefore, we conclude that the non-detection
of He lines in late-time spectra of SNe Iax is because
a small amount of stripped He masses is caused by SN
explosion. This supports that SNe Iax are produced
from the binary progenitor system consists of a WD and
a He star companion.
By studying the interaction of SN ejecta with a He
companion star for normal SNe Ia, Liu et al. (2013c)
have found that about > 1.9× 10−2 M He masses can
be stripped off from the surface of a companion star (see
also Pan et al. 2010, 2012). Their stripped He masses
are higher than ours by one order of magnitude. This
is because they used the W7 model to represent SN ex-
plosion for normal events. However, we focus on the
subluminous SNe Iax and the weak deflagration explo-
sion is assumed in our work. The W7 model has total
explosion energy of 1.23× 1051 erg, which is higher than
that of the N5def model of 1.34× 1050 erg by one order
of magnitude, leading to that more companion material
has been stripped off by SN explosion in their simu-
lations. Note that the amount of stripped companion
masses has been found to linearly increase as the ex-
plosion energy increases (Pakmor et al. 2008; Liu et al.
2012, 2013a).
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4.2. Surviving companion stars
If SNe Iax were indeed produced from weak defla-
gration explosions of MCh WDs in SD progenitor sys-
tems with a He star companion, the He companion stars
would be expected to survive from the explosion and
show some special observational features such as high
spatial velocities and the enrichment of heavy elements.
Therefore, searching for the surviving He companion
star provides a way to place constraints on this progeni-
tor model. Again, McCully et al. (2014) detected a blue
luminous source in the pre-explosion image of SN 2012Z.
This has been further suggested to be consistent with the
predictions of a He star donor progenitor system. The
follow-up observations have detected a brighter source
there a few years (∼ 1500 days) after the explosion. It
is even brighter than the pre-explosion detection and a
normal Ia event, SN 2011fe, at that phase (McCully et
al. in preparation).
The surviving companion star in the SD progeni-
tor system will be significantly shock-heated during
the ejecta-companion interaction. This could lead to
that the companion star puffs up dramatically and be-
comes overluminous after the explosion (Pan et al. 2013;
Shappee et al. 2013). By tracing post-explosion evolu-
tion of a He companion, i.e., the so-called “HeWDd”
model in their paper, Pan et al. (2013) found that
the post-impact luminosity of this He star can reach
∼ 104 L about 10 yrs after the explosion, which is
brighter than its pre-SN luminosity (∼ 10 L) by a fac-
tor of about 103. The He star companion model used
in the present work is quite similar to the “HeWDd”
model. However, the explosion model, i.e., the N5def
model, used in our impact simulations has a lower explo-
sion energy than that (i.e., the W7 model, see Nomoto
et al. 1984) adopted by Pan et al. (2013). This leads to
that our post-impact He star has a less energy deposition
by shock heating during the ejecta-companion interac-
tion. Therefore, we can roughly predict that our sur-
viving He companion star would be less luminous than
the “HeWDd” model of Pan et al. (2013) in its post-
explosion evolution. In a forthcoming study, we will use
a 1D stellar evolution code to trace the long-term post-
explosion evolution of surviving He stars from our 3D
impact simulations to examine whether they could pro-
vide a good explanation for the post-SN brighter source
detected in SN 2012Z.
4.3. Different explosion models
SNe Iax have a wide range of peak luminosities
(−14.2 > MV,peak & −18.5 mag, e.g., Li et al. 2011; Fo-
ley et al. 2013; Jha 2017), including the brighter class
members (e.g., SN 2012Z, MV,peak = −18.5 mag, see
Stritzinger et al. 2015) and the faintest event (i.e.,
SN 2008ha, MV,peak = −14.2 mag, see Foley et al. 2009,
2010). The N5def model used in this work has been
shown to reproduce observational features of the typi-
cal SNe Iax such as SN 2005hk (MV,peak = −18.1 mag)
well (Kromer et al. 2013). However, to provide a rea-
sonable agreement with the observables of the faintest
event, SN 2008ha, an off-centre deflagration explosion
in a near MCh hybrid CONe WD is needed (Kromer
et al. 2015). In this deflagration model, only 0.014 M
of a MCh hybrid CONe WD is ejected with asymptotic
kinetic energy of EK = 1.8 × 1048 erg (which is about
two orders of magnitude lower than that of the N5def
model), leaving a massive bound remnant of 1.39 M
after the explosion (Kromer et al. 2010). If this spe-
cific deflagration model for SN 2008ha is used for our
impact simulation, we would expect that the amount of
stripped He masses decreases by about one/two orders
of magnitude compared with that in this work because
of its lower explosion energy (Liu et al. 2012, 2013b).
In addition, Stritzinger et al. (2015) suggested that
a near MCh WD progenitor experiencing a pulsational
delayed detonation (PDD, Hoeflich et al. 1995) seems
to be also a good candidate model for SNe Iax such as
SN 2012Z. The amount of stripped He masses could be
different from the predictions in this work if the PDD
model is used for our impact simulations, which needs
to be investigated in detail by future studies.
4.4. Uncertainties in our modelling
In this work, the He companion star model is fixed in
all simulations with different binary separations. How-
ever, it has been found that the detailed structures of
the companion star (i.e., at different evolutionary phases
when the SN explodes) can affect the amount of stripped
companion material for a given explosion model and
value of A/R2 (e.g., Liu et al. 2012; Pan et al. 2012). For
instance, Liu et al. (2012) have shown that the amount
of stripped H mass from a MS companion model could
be changed by a factor of 2 for a given A/R2 if the com-
panion star is slightly evolved (see their Fig. 6).
Moreover, the orbital motion and rotation are not in-
cluded in our simulations, although we do not expect
that both orbital motion and rotation will significantly
affect the amount of stripped companion mass and the
kick velocity because they are generally slower than the
typical expansion velocity of SN ejecta of 7000 km s−1 by
one order of magnitude (e.g., Pan et al. 2012; Liu et al.
2013c). Future modeling still needs to be expanded (or
improved) to cover a wider range of explosion and com-
panion models for SNe Iax with including the orbital
8 Y. Zeng, Z.-W. Liu & Z. Han
motion and rotation to make better predictions on the
amount of stripped He mass by SN explosion.
5. SUMMARY AND CONCLUSION
In this work, by assuming that SNe Iax are gen-
erally generated from weak deflagration explosions of
MCh WDs in the WD + He star progenitor systems
(Kromer et al. 2013), we have investigated the interac-
tion of SN Iax ejecta with a He companion star by per-
forming 3D hydrodynamical simulations with the Stel-
lar GADGET code (Springel et al. 2001; Pakmor et al.
2012). For the companion star model at the moment of
the explosion, we directly use the one created by Liu
et al. (2013c) with the Eggletons stellar evolution code
(Eggleton 1971, 1972, 1973). Our results and conclu-
sions can be summarized as follows.
(1) For our standard simulation (i.e., the companion
mass, the companion radius and the orbital sep-
aration are M2 = 1.24 M, R2 = 1.91× 1010 cm,
and A = 5.16× 1010 cm, respectively), it is found
that about 5.4 × 10−3 M He-rich material is
stripped off from the He star companion. This cor-
responds to about 0.4 percent of the initial mass
of a He star.
(2) The stripped companion material moves with
characteristic speeds of 600 − 700 km s−1, which
is slower than the typical velocity of SN ejecta of
7000 km s−1 (see Fig. 3).
(3) It is found that the amount of stripped He mass
(MHestr) and kick velocity (Vkick) decrease as the bi-
nary orbital separation increases, which is in good
agreement with the power-law relation (see Fig. 5).
This is consistent with the results predicted by
other groups for normal SNe Ia.
(4) Current BPS calculations predict that the param-
eter of A/R2 at the time of SN explosion in the
WD + He star progenitor scenario covers a wide
range of 2.5 − 3.0 and peaks at a typical value of
A/R2 = 3.0 (see Fig. 8 of Liu et al. 2013c). Ac-
cording to the derived power-law relation between
stripped mass and A/R2, we can further predict
that the amount of stripped He mass in SNe Iax
has a peak of 4 × 10−3 M, which is very close
to (or lower than) the observational upper-limit
on the stripped He masses of . 2× 10−3− 0.1 M
(e.g., Foley et al. 2016; Jacobson-Gala´n et al. 2019;
Magee et al. 2019; Tucker et al. 2019). This sug-
gests that the stripped He might be hidden in the
late-time spectra of SNe Iax if we assume that SNe
Iax are generally produced from weak deflagration
explosions of MCh WDs in the WD + He star pro-
genitor systems.
(5) The simulations show that the SD He companion
model is consistent with the observational upper
limits of mass stripping. This suggests that the
WD + He star system may be a potential progen-
itor of SNe Iax.
Our simulations do not cover different possible explo-
sion scenarios proposed for SNe Iax. Future research will
focus on investigating the SN ejecta-companion interac-
tion in SNe Iax by adopting different explosion models.
In addition, the long-term evolution of surviving com-
panion stars from our hydrodynamical simulations will
be studied in the forthcoming paper. This will be ex-
pected to provide a strict constraint on the amount of
stripped He mass and to comprehensively make predic-
tions on the observational features of surviving compan-
ion stars, and therefore help to examine the reliability of
theoretical models for SNe Iax by observing their late-
time spectra and the surviving companion star.
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